A parametric study is performed to investigate the solute redistribution during the transient liquid phase (TLP) diffusion bonding process. The macroscopic solute diffusion in the liquid and the solid phase, as well as the solid transformation to the liquid due to solute macrosegregation, are considered in this study. The effects of the following parameters are considered" ratio of solute diffusivity in liquid and solid state alloy ( DI/Ds), holding temperatures (0), a combined parameter related to solidus and liquidus slopes in the phase diagram (), and the re-melting and re-solidification time (-). The thickness of the pure liquid zone and the mushy zone of the TLP diffusion bonding process are demonstrated with respect to the above-mentioned parameters. It is shown numerically that the holding time, the holding temperature, and solute diffusivity ratio influence the solute distribution strongly, which in turn influences the liquid zone and mushy zone thickness significantly. It is concluded that for the TLP diffusion bonding process, the optimal technique parameters are high holding temperature, long holding time, and a large liquidus and solidus temperature slope ratio (ml/ms) of the interlayer material.
INTRODUCTION
Among many bonding techniques, the transient liquid phase (TLP) process is unique in the sense of producing similar or even the same microstructure within the bonding interface. It is well known that in commercial welding technology, the ticular in high temperature environments. Owing to the solid and liquid state diffusion, film molten zone and explicit crystal growth during the TLP process, single crystal growth is possible (Gale and Abdo, 1999; Bradley, 1988; Zheng et al., 1987; and Ruan et al., 1996) . The motivation of the present study is trying to develop an enabling technology to bond two single crystal bulk materials with the maximum possible bonding strength using the TLP process technique. Note that this is particularly important to applications such as turbine blade systems in the aerospace industry .
The principle of the transient liquid phase technique is to bond two crystals by using an interlayer alloy. The melting temperature of the interlayer alloy should be less than the substrate (master) alloy. The isothermal heat treatment temperature is determined to be above 30-50C of the melting point of interlayer materials. After isothermal heat treatment, the interlayer is remelted and the liquid fills fully of the two interfaces of the single crystals. The composition of bonds will reach equilibrium composition and move along the tie line. Thus, the solidification temperature increases and the volume of liquid decreases. The growth is similar to that of laser re-melted metals, epitaxial growth based on the base materials. Finally, after sufficient isothermal heat treatment, the liquids disappear and the two single crystals bond into one single crystal without the formation of re-crystallized zone at the bonds if the two single crystals have the same orientation.
Transient liquid phase bonding has been developed to join superalloys susceptible to hot cracking (Bradley, 1988) . It is very important to design a suitable interlayer alloy that does not contain any deleterious phases and has a melting point lower than that of the base metal (Gale and Wallach, 1991; Gale and Wallach, 1990a; Gale et al., 1992; and Gale and Wallach, 1990b) . At present, the interlayer alloys that are generally used for superalloys are of the Ni-Cr-Si-B system. However, the addition of Si and B should be avoided because these elements are harmful impurity elements in single-crystal superalloys. Hafnium (Hf) is a beneficial element for improving the intermediate temperature creep properties and strengthening the g' phase . Thus, an interlayer containing Hf was developed for bonding DD3 Ni-based single crystals and the two-phase structure had been obtained in the bonding layer . However, the interlayer containing Hf was developed for first-generation Ni-based 
where, TM is the melting point of the pure solvent and ml is the slope of the liquidus.
The interlayer and master alloy are assumed to be initially at a uniform solute concentration:
CM--CMo, at x >L/2, t--0.
[6]
The boundary conditions in the TLP process is as follows:
Solute concentration for far away from the interlayer is assumed to remain at the initial concentration CM0"
CM =CM0, at x--cxz.
[7]
and for the solid region in the master alloy (SM),
The dimensionless form of Equation (4) can be obtained,
The non-dimensional initial conditions for the solute concentration in the interlayer and master alloy can be given, respectively, I 1, at 0 < X < 1/2, 72-O, [15] tM O, at X > 1/2, 72 O.
[16]
The non-dimensional boundary conditions are as follows, tM tMO, at X cx,
[17]
OX X=O --0.
[18]
At the interlayer centerline, the concentration flux can be obtained due to the symmetric distribution of the solute concentration:
OC O. [8] Ox Ix=0
The concentration , and holding temperature 0 can be defined: (Patankar, 1980 Fig. 2 ). The solute concentration gradient at the moving liquid/solid interface is tracked and shown in Fig. 4 . It is worth pointing out that the concentration gradient at the solid/liquid interface is the driving force for the re-melting and re-solidification of the master alloy in the TLP. It can be seen from this figure that with increasing holding times, the solute concentration gradient decreases quickly, and becomes constant at larger holding times. With the increase of holding temperatures, the solute concentration gradient decreases. This means at greater holding temperatures, the concentration gradient becomes smaller. This reveals that at lower holding temperatures the solute mass diffusion is stronger. Note that this does not mean that the concentration is lower for low holding temperatures since a greater holding temperature has a larger liquid region, which has a higher effective solute diffusion coefficient (see Fig. 3 ). An interesting phenomenon observed in this figure is that for the curve of the holding temperature at 0 40.720 for alloy p 19.888, the solute concentration gradient decreases significantly from beginning and moves close to zero after r 16000. This is because the resolidification phenomena occur when the solute concentration falls below to its solidus concentration value (see Fig. 3 ). As mentioned above, the solute diffusion causes the melting temperature change in the interlayer and master alloy (see Table I and Eqs. (20) and (21)). Because of the decrease of the solute concentration in the interlayer, its melting temperature increases; while at master alloy, its melting temperature Fig. 5 as arrows pointed) . This phenomenon is caused by the solute concentration re-distribution as the mass diffusion of solute penetrates further into the master alloy. Note that the solute concentration in the interlayer decreases as the holding time increases, and the solute concentration of the master alloy in the region near the interlayer increases in the early stages (Jen and Jiao, 2001 ). Thus, it causes the re-melting layer to grow. However, the solute concentration decreases as time progresses, and, eventually, the driving mass concentration in the interlayer falls below the liquidus concentration. Thus, at that point, the re-melting layer starts to solidify. These can be seen clearly in the figure, for example, for the case with 46, 0 40.720, 46, 0 41.035; and 35, 0 40.720. In these curves, the re-melting layer starts to grow from the beginning until the maximum re-melting layer thickness is reached. After this holding time, it starts to solidify until the complete re-melting layer disappears. For the same alloy, the increase of the holding temperature causes the maximum thickness of re-melting layer to increase, which requires much greater holding time. For example, for the case of a holding temperature 0 40.720 (low holding temperature), the time required for reaching the maximum re-melting layer is much less than the case of a high holding temperature (0 41.035).
The graph shown in Fig. 6 is a partial enlargement of Fig. 5 in the dotted line area. It depicts the effect of the holding temperature and time on the thickness of the mush zone in the master alloy material. Note that the mush zone thickness is critical for single crystal growth in the master alloy. In general, the mush zone is detrimental to the formation of a single crystal alloy, and thus should be either avoided or eliminated in some way to optimize the strength of the bonding. The arrows in the figure show the merging point of the liquid zone and the mush zone. That means that beyond this point the thickness of the liquid zone and the mush zone is equal, which indicates the pure liquid zone disappears. It can be seen from this figure that there is a pure liquid zone in the interlayer region at the beginning of the holding time and the thickness of the mush zone is equal to zero. With the increase of the holding time, the thickness of the liquid zone and the mush zone increase progressively, then the thickness of the pure liquid zone decreases until these two curves merge with each other. Furthermore, with the increase of the value, the required holding time to the merging point increases, but the thickness at the merging point decreases. That means a pure liquid zone will remain for a long time for a large value of , which is beneficial for diffusion bonding. Non-dimensional holding time, Thus, it takes a longer holding time for the solid phase concentration to reach the solute concentration of a two-phase zone, thereby decreasing the re-melting layer thickness at the merging point. In addition, for the same interlayer alloy, the holding time and the thickness of the mush zone at the merging point increases with increasing holding temperature. This is because with the increased holding temperature, the liquid state region increases (see Fig. 2 and Table II Figure 7 shows the maximum re-melting thickness and the holding time to achieve this thickness with respect to ms/mz (i.e., for three different kinds of interlayer alloys). It can be seen from the figure that the maximum re-melting layer thickness has a linear relationship with the ratio of the slope of the solidus and liquidus lines and the layer thickness increases with this ratio. The time required to achieve this thickness also increases with this ratio. Furthermore, the increase of holding temperature increases the maximum thickness of the re-melting layer, as well as the holding time required to achieve this thickness. Non-dimensional holding time, Figure 5) consumption). However, as can be seen from the figure, it is virtually impossible to achieve both goals. Instead, a judgment must be made to choose preferred conditions to obtain the most economical solution.
CONCLUSIONS
A parametric study is performed to investigate the solute redistribution during the transient liquid phase (TLP) diffusion bonding process. The macroscopic solute diffusion in the liquid and the solid phase, as well as for the solid transformation to the liquid due to solute macrosegregation, are considered in this study. The effects of the following parameters are considered" ratio of solute diffusivity in liquid and solid state alloy ( D/ Ds), holding temperatures (0), a combined parameter related to phase diagram (qg), and the re-melting and re-solidification time (r). The thickness of the pure liquid zone and the mush zone of the TLP diffusion bonding process are demonstrated with respect to the above-mentioned parameters. Several major conclusions from the present study can be drawn as follows"
The solute concentration decreases as the holding temperature increases. Near the interlayer, the solute concentration decreases as holding time increases, while away from the interlayer, the solute concentration increases with holding time. The solute concentration gradient decreases as the holding temperature increases at the solid/liquid interface. This reveals that the re-solidification process is slower for higher holding temperatures, which leads to much longer TLP process times. Also, the solute concentration gradient increases as the liquid phase solute diffusivity and the slope of liquidus increase. In general, the thickness of the mush zone increases with the holding time. At lower holding temperatures, the mush zone occupies a great portion of the 4 5
E
The ratio of the slope of the solidus and liquidus in the phase diagram, FIGURE 7 The effect of the ratio of the slope of the solidus and liquidus on non-dimensional maximum thickness of re-melting layer and with respect to the holding time.
re-melting layer. When the holding temperature approaches the melting point of master alloy, the pure liquid layer becomes the dominant layer in the re-melting layer.
With increased holding temperature, the solid/ liquid interface moves further into the master alloy with respect to time until it reaches a maximum re-melting layer thickness. After this maximum thick-C ness is reached, the re-melting layer thickness D starts to decrease, when the re-solidification process g begins, j.
The maximum re-melting layer thickness increases L linearly with the ratio of the slope of the solidus and mt liquidus (m/ms). The time required to achieve this ms thickness also increases with the ratio. Furthermore, the increase of holding temperature increases the max-T imum thickness of the re-melting layer and the required holding time to achieve this thickness.
The optimal parameters for the TLP bonding process are high holding temperatures, long holding times, and large (mz/mL) interlayer materials. 
